Coastal areas of passive margins are among the best places to examine the reality of sea-level changes. Elevation of marine terraces is central to interpretation of their approximate age in this kind of tectonic setting. The recognition of Pleistocene shorelines on the South American eastern continental margin is becoming increasingly common, but data are commonly imprecise in both time and space, and the resulting chronology is based mainly on geomorphological attributes. Nine thermoluminescence dates and four optically stimulated luminescence dates of 220^206 ka and 117^110 ka were obtained for two marine terrace deposits along 340 km of coast in Rio Grande do Norte State, northeastern Brazil. They are correlated with the highstands of marine oxygen-isotope substages 7c and 5c sea level, respectively. The older deposit occurs mainly on the N^S-trending coast and ranges in elevation between 7.5 and 1.3 m. The latter is found along the E^W-trending coast at altitudes that vary between 1 m and 20 m. It indicates relative downfaulting of the 220^206-ka marine terrace and uplift of the 117^110-ka marine deposit, which is locally about 12 m higher than deposits of similar age described 1000 km to the south. It follows that elevation alone is an unreliable tool for establishing a Quaternary sea-level change chronology also on passive margin coastal areas. ß
Introduction
Several studies have pointed out that sea-level changes during the Quaternary have played a sig-ni¢cant role in the generation of marine terrace deposits in Brazil (Hartt, 1870; Branner, 1904; Freitas, 1951; Bigarella and Andrade, 1965; Suguio et al., 1985) . Much early work on the subject was hampered by uncertainty concerning the eustatic component and poor age constraints. Nevertheless, several marine terrace deposits were mapped and through a combination of geomorphological, stratigraphic, and sometimes paleontological features assigned a relative age. The marine terraces were originally ascribed to the Tertiary, but are today widely considered to be of Quaternary age and have been directly related to glacial and interglacial cycles (Martin et al., 1997) .
Pleistocene sea-level changes along the Brazilian coast are not fully understood owing to the scarcity of absolute dates. There is still limited knowledge of Pleistocene terrace age and sea level in Brazil. Pleistocene marine terraces have been described along the Brazilian coast from Rio Grande do Sul State (latitude V30 ‡S) to Para| ¤ba State (latitude V7 ‡S) (Fig. 1) . Their chronologies rely mainly on relative dating based on geomorphological criteria and in most cases they have not been associated with numerical ages.
The most complete marine records are from the Rio Grande do Sul State (Villwock et al., 1986) . Among three barrier-island/lagoon systems regarded as Pleistocene in age, only system III yielded an age of 35 ka (beyond the limit of the standard radiocarbon method). Its chronology was recognized at several sites along the Brazilian coast. In addition, a few coastal deposits have been dated along the Brazilian coast by thermoluminescence dating (TL) and yielded Pleistocene ages between 130 ka and 59 ka (Ayta, 1996; Barreto et al., 1998 Barreto et al., , 1999 .
Marine terrace deposits prior to 123 ka have not been dated along the Brazilian coast by numerical methods. But eight samples of corals of the genus Siderastrea dated by the Io/U method yielded mean ages about 123.5 þ 5.7 ka for marine terraces along the Bahia State littoral zone, at about 15 ‡S and 39 ‡W (Bernat et al., 1983; Martin et al., 1982) . Although well exposed in several areas, deposits of this formation in the littoral zone from the south part of Bahia State to at least latitude 34 ‡S have not been dated by numerical methods (Martin et al., 1996) .
This study provides an extended sea-level highstand chronology back to 220 ka. Two marine terraces were identi¢ed at seven locations along the Rio Grande do Norte State coast between Barra de Sagi and Macau in northeastern Brazil ( Figs. 1 and 2 ). Both marine terrace deposits have been described previously (Srivastava and Corsino, 1984; Lima-Filho et al., 1995; Lucena, 1997; Testa and Bosence, 1998) but their chronologies have been based largely on stratigraphical and geomorphological attributes. This study indicates that they are 220^206 ka and 117^110 ka and their altitudes above sea level (asl) are di¡erent from other marine terraces of the same age described along the Brazilian coast (e.g. Martin et al., 1982; Villwock et al., 1986) . The primary goal of this paper is to describe marine terrace deposits in northeastern Brazil, to assess the role of eustatic and tectonic events in their deposition and current altitude, and to correlate them with known Pleistocene highstands in the region. The paper ¢rst outlines the coastal and tectonic setting and reviews Pleistocene sea-level changes along the Brazilian coast. It then focuses on chronological, geomorphological, and sedimentary evidence to identify a set of marine terrace deposits. It concludes by interpreting this evidence in terms of relative sea-level changes in the study area, which are compared with Pleistocene transgressive cycles described along the Brazilian and Caribbean coasts, and by estimating the extent of vertical uplift of the coastal deposits. The results presented here improve the knowledge of Pleistocene sea-level highstands on the South American eastern coast.
Geological and coastal setting
Along the South American coast, sea-level changes dating from the Quaternary have been proposed to account for the local occurrences of raised marine terraces. Bigarella and Andrade (1965) described shorelines at 50^60 m and 801 00 m asl, which they correlated with Pleistocene highstands. Villwock et al. (1986) mapped shorelines at 13 m above mean sea level in Rio Grande do Sul State (latitude V30 ‡S, Fig. 1 ). They proposed a middle to late Pleistocene age for these deposits on the basis of their height, and correlated them with deposits dating from 120 ka BP at 8 þ 2 m asl (penultimate transgression) described by Martin et al. (1982) along the coast of Bahia State (latitude V15 ‡S, Fig. 1 ). The last sea-level highstand along the Brazilian coast, con¢rmed by numerous radiocarbon dates, was 5 m high and took place about 5 ka (Suguio et al., 1985) .
The study area is situated in a high-energy coastal environment (Martin et al., 1996) where Pleistocene deposits have been exposed by erosion. In addition, the occurrence of emerged, well-preserved and conspicuous marine terrace deposits makes the Rio Grande do Norte State coast an ideal site for a sea-level investigation. The study area embraces part of two Cretaceous sedimentary basins, namely the Potiguar basin and the Pernambuco^Para| ¤ba basin. The most important pre-Quaternary lithostratigraphic units that occur along the coast are Cretaceous fossiliferous marine limestones of Janda| ¤ra Formation and siliciclastic rocks of the Ac°u Formation, Miocene to Pliocene siliciclastic continental deposits of Barreiras Formation (Suguio and Nogueira, 1999), capped by Quaternary marine, aeolian, and alluvial deposits. Marine terrace deposits are obscured by aeolian and alluvial deposits in places.
The study area encompasses Cretaceous faultbounded structural blocks, some of which have been active in the Quaternary (e.g., Takeya et al., 1989; Ferreira et al., 1998) . The base of the Miocene^Pliocene Barreiras Formation was displaced by as much as 260 m along the Jundia| ¤ fault on the N^S-trending littoral zone, where sediment-¢lled fractures dated 4.86^4.57 cal ka BP were observed ( Fig. 2 ) . A study carried out by Caldas (1998) and Caldas et al. (1997) across the Carnaubais fault on the E^W-trending littoral zone ( Fig. 2) concluded that it o¡sets a sedimentary succession extending from the Neocomian to the Holocene by 60 m and controls the local morphology. In addition, Holocene coastal deposits to the east of the Carnaubais fault were uplifted 4^5 m in excess of the glacio-isostatic predictions. The uplift is matched by downfaulting of coastal deposits to the west of the fault (Bezerra et al., 1998) .
Methods of study and luminescence dating
Altitude measurements of stratigraphic sections were determined by levelling and corrected to two local standard ports : Natal (latitude 05 ‡46P3QS; longitude 35 ‡12P3QW) and Macau (latitude 05 ‡06P2QS; longitude 36 ‡36P1QW). Corrections followed procedures proposed by the Admiralty (1996) using tide-table predictions by the Brazilian Navy (2000). Location was determined by reference to the global positioning system (GPS). Marine sediments were sampled away from sunlight.
The chronology of Pleistocene marine deposits along the Brazilian coast has previously been identi¢ed on few occasions (e.g. Suguio et al., 1985; Martin et al., 1988) because ages are usually beyond the limit of radiocarbon dating or because of scarcity of carbonate material which has not been recrystallized and which is suitable for dating by other methods such as Io/U. Luminescence dating, however, is not a¡ected by problems relating to organic matter and can be applied to ionic crystals and well beyond the range of radiocarbon dating (Aitken, 1998) .
TL and optically stimulated luminescence (OSL) dating of intertidal deposits was carried out at the Laboratory of Glasses and Dating of the Faculdade de Tecnologia de Sa ‹o Paulo (FATEC-SP). Samples were subjected to chemical treatments, followed by sieving to separate grain sizes between 88 and 180 Wm. All Q-irradiations were performed with a 60 Co source of the Instituto de Pesquisas Energe ¤ticas e Nucleares^Co-missa ‹o Nacional de Energia Nuclear (IPEN-CNEN). Both TL and OSL measurements were performed with a Daybreak Nuclear and Medical Systems Incorporated, Model 1100-Series automated TL/OSL system. We used a dark blue Kopp 7-59 optical ¢lter for TL measurements and the Hoya U-340 ¢lter for OSL measurements. OSL of feldspar and quartz crystals were obtained with IR LED chips (880 nm) and with a green light (510 nm) from an 860-nm Xe lamp as stimulation sources, respectively. TL ages were evaluated using total bleach and additional dose methods. OSL ages were obtained using the additional dose method following the multiple aliquot protocol with natural normalization. The annual doses were calculated using 235 U, 238 U, 232 Th and 40 K concentrations and Bell's equations. The U, Th, and K concentrations were measured by neutron activation analysis.
TL glow curves of analyzed samples supplied peaks at 325 and 375 ‡C. The intensities of the 375 ‡C peak were used to evaluate the paleodose and equivalent dose values. They have been linear and supralinear to TL growth as shown in Fig. 3 . The majority of OSL growth curves are linear. Table 1 shows radioactivity date concentrations found in the analyzed samples. It was assumed that contribution to cosmic rays was 182 WGy/ year for annual dose calculations. Water corrections have not been made due to the low concentrations of dry weight. The paleodoses, equivalent doses and ages of the sediments are shown in Table 2 , in addition to one TL age by Yee et al. (2000) also discussed in text.
Pleistocene marine terrace deposits
Marine sediments yielded ages from 220 þ 2 ka to 110 þ 10 ka BP (Table 2) . They form raised marine terraces that overlie Barreiras Formation cli¡s in places. The marine sediments are grouped into two informal stratigraphic units, namely the 220^206-and 117^110-ka marine terraces, on the basis of lithologic characteristics, ages, and altitude. Five stratigraphic sections exemplify the Pleistocene coastal stratigraphy.
220^206-ka marine terrace
The 220^206-ka marine terrace deposit which is dated by three samples (samples 5-97, 6-97, and 15-98 dated by TL additive dose, TL total bleach and OSL methods, Table 2 ) crops out along the current shoreline between Natal and Barra de Sagi (Fig. 2) , but more conspicuously at the former site, where outcrops are about 1 km long. Lucena (1997) informally termed these deposits Barra de Tabatinga unit. The deposits range from clayey sandstones to conglomerates. They usually occur in patches along the current shoreline. The top of this deposit is 7.5 m above mean sea level at Natal. Its base rises from mean beach level to 2.6 m asl (Fig. 4) . Terrace level ranges from about 3 to 5 m asl.
The 220^206-ka marine terrace was deposited in the intertidal zone. Three main parts, which are marked by beach deposit structures, are clearly observed in outcrops. The lower part of the deposit consist of a wave-cut surface that truncates the Barreiras Formation, forming a clearly de¢ned unconformity, which is marked by a conglomerate layer made up chie£y of highly weathered pebbles of the Barreiras Formation. This basal part shows a lateral continuity of moderately to well-sorted, clast-supported seaward dipping beds. The intermediate part of the marine deposit is characterized by trough cross-bedded and herring-bone cross-bedded sandstone, consisting of coarse to medium-sized well-rounded to subangular quartz grains (Fig. 5) . The upper part of this deposit is de¢ned by gently seaward inclined swash cross-bedded, well-sorted quartz sandstone (Fig. 6 ). Macrofossils were not found but Lucena (1997) identi¢ed the foraminifers Globigerina sp. and Quinqueloculina sp. at the base of the unit. These features indicate the intertidal zone. Analyzed samples are from the lower and intermediate parts of these marine terrace deposits (Fig. 4) . The marine terrace deposit about 1 km to the north of Ba| ¤a Formosa has not been dated directly but can be correlated with dated deposits at Natal and Barra de Tabatinga on the basis of petrography, sedimentary structures, stratigraphic relations, and geomorphologic features. The base of the marine deposit at Ba| ¤a Formosa is not depicted in cross-section (Fig. 4) , because it overlies the Barreiras Formation at the lower intertidal zone.
Lucena (1997) correlated this terrace with the last transgression that took place along the Brazilian coast in the Holocene at about 5 ka BP on the basis of deposit height. Nevertheless, six TL dates and three OSL dates for this deposit ranged from 220 þ 2 ka BP to 206 þ 5 ka BP (Table 2 ). In addition, TL and OSL ages that range from 189 þ 11 to 186 þ 10 ka BP obtained by Yee et al. (2000) ( Table 2) for aeolian deposits that overlie the 2202 06-ka marine terrace deposit are also consistent with new TL and OSL ages presented in this study. The 220^206-ka marine terrace sequence is overlain at many sites by the 189^186-ka aeolian deposit (Fig. 4) .
The 117^110-ka marine terrace
The 117^110-ka marine terrace dated by two Age 1 = TL age obtained using the additive dose method. Age 2 = TL age using the total bleach method. Age 3 = OSL age obtained using the additive dose method with multiple aliquot protocol. Sample source: (1) this study, (2) Yee et al. (2000) . samples (sample 32-98 dated by TL additive dose, TL total bleach and OSL methods; and sample 39-98 dated by the TL additive dose method, Table 2 ) crops out as cli¡s along the current shoreline between Sa ‹o Bento and Zumbi (Figs. 2,  7 and 8) . The overlying sediments consist of paleo-and active sand dunes. The 117^110-ka marine terrace deposit is preserved for about 120 km along mainly the E^W-trending coast. The most conspicuous outcrops are more than 2 km long and are situated between Sa ‹o Bento and Touros (Fig. 2) . Marine terraces, which are 1^10 m in altitude between Sa ‹o Bento and Touros, rise to a maximum of 20 m asl 2 km to the north of Zumbi.
The Sa ‹o Bento and Touros cross sections typify the 117^110-ka marine terrace stratigraphy. The sedimentary features were described by Srivastava and Corsino (1984) , Lima-Filho et al. (1995) and Testa and Bosence (1998) . Deposits are mainly made up of medium-to coarse-grained sandstones. The most common biodetritus is coralline algae, mollusks, and foraminifers (Srivastava and Corsino, 1984) . This deposit overlies unconformably the Barreiras Formation (Fig. 9) . The basal part of the deposit is composed of coarse to conglomeratic, tabular and trough cross-bedded sandstone. Herring-bone cross-bedded sandstone occurs in places. On the top of the deposit is a swash cross-bedded sandstone, where Ophiomorpha nodosa burrows that form at the beach subenvironment are common. These features, viewed collectively, indicate a high rate of sediment deposition in intertidal to shoreface zone.
A late Pleistocene to Holocene age for these deposits has been suggested on the basis of fossiliferous content and degree of preservation (Campos-e-Silva et al., 1964). 14 C ages at 30 000 yr BP indicate that this deposit chronology is beyond the limits of radiocarbon dating (Testa et al., 1997; Testa and Bosence, 1998) . X-ray di¡raction and scanning electron microscopy indicate that shell contamination and overgrowth of calcite in corals and mollusks from this deposit was too serious or too di⁄cult to remove for reliable radiocarbon dating . They concluded that dates obtained were minimum ages. Two TL ages and one OSL age for a sandstone layer at Touros, and one TL age for a sandstone layer about 15 km to the west of Sa ‹o Bento, both situated at the base of the deposits (Fig. 7) , indicated an age from 117 þ 10 to 110 þ 10 ka BP, which corresponds to the last Pleistocene sea-level highstand described along the Brazilian coast.
Discussion
Resolving the chronology and sedimentary evolution of marine terrace deposits is critical for understanding sea-level changes and coastal tectonics. Despite the fact that marine terrace deposits commonly represent periods of sea levels higher than the current one, the chronology and altitude of marine deposits described in the study area are di⁄cult to correlate with other Pleistocene terraces along the Brazilian coast owing to the small number of available numerical dates.
Until the de¢cit is recti¢ed one way forward is to correlate Pleistocene marine terraces provisionally with marine oxygen-isotope stages. Fig. 10A shows sea-level highstands and oxygen-isotope stages after Raymo et al. (1990) and Haddad (1994) . All three kinds of the 220^206-ka marine terrace dates (TL additive dose, TL total bleach, and OSL) indicate that it formed during oxygenisotope stage 7 sea-level highstand (mainly during substage 7c) (Chappell, 1983; Chappell and Fig. 7 . The 120-ka marine terrace location and representative stratigraphic sections showing sedimentary structures and limits with other main stratigraphic units. Shackleton, 1986; Shackleton, 1987; Raymo et al., 1990) , which corresponds to the antepenultimate glacial period in the northern hemisphere (Fig. 10A ). This interpretation is corroborated by TL and OSL dates on overlying sand dunes (Yee et al., 2000) .
The ages from 117 þ 10 to 110 þ 10 ka BP for the youngest marine terrace likewise are consistent with correlation with the sea-level highstand of oxygen-isotope substage 5e (Fig. 10A ) (Chappell, 1983; Chappell and Shackleton, 1986; Shackleton, 1987; Raymo et al., 1990) and it corresponds to the last Pleistocene transgressive event or penultimate transgression along the Bra- zilian coast. As the usually accepted maximum elevation for substage 5e sea-level highstand is 6 m asl (Chappell and Shackleton, 1986; Shackleton, 1987; Raymo et al., 1990) , the dates and altitudes (0^20 m asl) of the 117^110-ka marine terrace deposit are consistent with 10^14 m uplift of this deposit since deposition. Sea-level data from the Bahamas and Bermuda are summarized in Fig. 10B . Pleistocene sea-level £uctuations in the Bermudas and Bahamas include two highstands at about 210 ka BP and 125 ka BP (Harmon et al., 1983; Lundberg and Ford, 1994; Hearty, 1998; Hearty and Kaufman, 2000) . Even though the Bahamas and mainly the Bermuda have had a tectonic evolution very different from that of the Brazilian coast, there is a remarkable coincidence between the sea-level highstand chronologies, mainly that related to the 117^110-ka marine terrace deposit (Fig. 10B) .
There is no marine terrace dated by numerical methods described along the Brazilian coast that could be associated with the 220^206-ka marine terrace deposit described here. But the 117^110-ka marine terrace deposit can be correlated with a sea-level highstand in Brazil. The 117^110-ka marine terrace deposit has about the same age as the 123.5 þ 5.7-ka marine terrace dated by Bernat et al. (1983) 1000 km to the south of the study area along the coast of Bahia State. But the former is about 20 m asl, whereas the latter is 8 þ 2 m asl. It suggests that the region where the 117^110-ka marine terrace deposit occurs could have been subjected to tectonic uplift by 10^12 m. Some support for this interpretation comes from the suggestion that the 117^110-ka marine terrace deposit situated between Zumbi and Sa ‹o Bento (Fig.  2) represents an uplifted part of coastal deposits (late Cretaceous to Holocene) that occur o¡shore (Srivastava and Corsino, 1994) . In addition, the 220^206-ka marine terrace deposit is 7.5 m asl, which is much lower than the 20 m of the top of the 117^110-ka marine terrace deposit. It could be due to downfaulting superimposed by erosion in the coastal area between Natal and Baia Formosa, where the 220^206-ka terrace occurs, or uplift of the area where the 117^110-ka terrace occurs.
Conclusion
Chronological data indicate that the 220^206-ka (3^5 m asl) and 117^110-ka marine terrace (02 0 m asl) of the Brazilian coast formed during the sea-level highstand of oxygen-isotope stages 7 and 5, and probably during substages 7c and 5e, respectively. Marine terraces from Natal to Ba| ¤a Formosa represent the ¢rst along the Brazilian coast to yield ages of 220^206 ka BP. There is a close juxtaposition of the 220^206-ka and 1171 10-ka marine terraces along the study area. The 117^110-ka marine terrace deposit has been shown to correlate chronologically with marine terraces that occur at latitude 15 ‡S and that are known to have been deposited in the intertidal zone during the last Pleistocene marine transgression along the Brazilian coast. It suggests that the littoral zone between Sa ‹o Bento and Zumbi may have been uplifted by at least 10^12 m since 120 ka BP. These data are consistent with a scenario in which northeastern Brazil has been subjected to di¡erential subsidence or uplift in the late Quaternary. But further investigation is necessary to address this point.
